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Activation of the CAMP receptor protein (CRP) from Escherichia coli is highly specific to its allosteric ligand,
cAMP. Ligands such as adenosine and cGMP, which are structurally similar to cAMP, fail to activate wild-type
CRP. However, several cAMP-independent CRP variants (termed CRP*) exist that can be further activated by both
adenosine and cGMP, as well as by cAMP. This has remained a puzzle because the substitutions in many of these
CRP#* variants lie far from the cAMP-binding pocket (>10 A) and therefore should not directly affect that pocket.
Here we show a surprising similarity in the altered ligand specificity of four CRP* variants with a single substitution
in D53S, G141K, A144T, or L148K, and we propose a common basis for this phenomenon. The increased active
protein population caused by an equilibrium shift in these variants is hypothesized to preferentially stabilize ligand
binding. This explanation is completely consistent with the cAMP specificity in the activation of wild-type CRP. The
model also predicts that wild-type CRP should be activated even by the lower-affinity ligand, adenosine, which we
experimentally confirmed. The study demonstrates that protein equilibrium is an integral factor for ligand speci-
ficity in an allosteric protein, in addition to the direct effects of ligand pocket residues.

The cyclic AMP (cAMP) receptor protein (CRP) of Esche-
richia coli is a well-studied global transcriptional regulator whose
activation is highly specific to the binding of cAMP (13). In its
cAMP-bound form, CRP binds DNA and interacts with RNA
polymerase to stimulate transcription of appropriate genes (3,
21). In the absence of cAMP, CRP displays negligible affinity for
DNA. The cAMP specificity of wild-type (WT) CRP is consistent
with the structure of active CRP, which has been characterized a
number of times and shows specific contacts between protein
residues and cAMP (27, 29, 33). CRP is a homodimer in which
each subunit contains two domains, the cAMP-binding domain
and the DNA-binding domain, separated by a hinge region (27).
The structure of the inactive form of CRP has never been deter-
mined, so the mechanism of allosteric activation by cAMP is
conjectural, but plausible models for the conformational change
that cAMP effects have been proposed (29, 39).

CRP variants have been found that have altered ligand spec-
ificity (1, 5, 9, 14, 19, 23, 40). The substitutions in some of these
variants lie in the effector-binding pocket itself and presumably
alter the specific interactions between CRP and the ligand (23,
40). Other CRP variants are fundamentally different and more
difficult to explain. Specifically, there is a subset of ligand-
independent (CRP*) variants that have detectable in vivo ac-
tivity in the absence of cAMP and also altered ligand specific-
ity. In these cases, the mutationally altered sites lie far from the
cAMP-binding pocket, and it is therefore surprising that they
alter functional properties of the ligands. A well-studied case is
that of A144T CRP, which displays not only a significant acti-
vation by adenosine and cGMP but also an apparently im-
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proved cAMP affinity for protein activation (14, 38). We hy-
pothesize that the activation by adenosine and the apparently
improved affinity for cAMP are related, simply reflecting an
improved affinity for related molecules and perhaps bringing
the affinity for adenosine to the detectable level. The activation
by cGMP must be different, however, because WT CRP binds
c¢GMP with high affinity (11, 24, 36), so mere improvement of
c¢GMP-binding affinity in A144T CRP cannot be the basis for
the activation by cGMP. Some other CRP* variants have also
been shown to be activated by GMP, at least in vivo (1, 5, 9).
Garges and Adhya suggested an explanation for this by posit-
ing that cGMP can cause proper alignment of subunits but not
proper domain-domain alignment and proposed that domain-
domain alignment is caused by the CRP* substitutions (10).
While plausible, this model fails to explain other relevant prop-
erties of the same A144T CRP* variant: the activation by
adenosine and the apparently improved affinity for cAMP.

The conformational transitions caused by ligands in an allo-
steric protein can be described by the “preexisting equilibrium/
conformational selection” model (25). As suggested previously
(24, 30, 40), CRP also exists in an equilibrium between active
and inactive forms even in the absence of cAMP, and the role
of cAMP binding to the protein is to shift the equilibrium
toward the active form. Based on this well-known concept, we
have applied an equilibrium-shift model that quantitatively
connects the equilibrium poise with the ligand specificity in the
CRP* variants, as well as WT CRP. We demonstrate here that
the particular equilibrium poise of WT CRP is set to respond
to physiological cAMP levels but to avoid activation by the
physiological levels of other ligands.

MATERIALS AND METHODS

Materials. The compounds, cAMP, cGMP, adenosine, and AMP were pur-
chased from Sigma (St. Louis, MO).
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Strains, pl and recombinant DNA methodology. Standard methods
were used for the isolation and manipulation of DNA (32). Synthetic oligonu-
cleotides were from Integrated DNA Technologies, Inc. (Coralville, IA). Bacte-
rial strains carrying different plasmids were propagated in 1% tryptone, 0.5%
yeast extract, and 0.5% NaCl with 15 pg of tetracycline/ml, 25 ug of chloram-
phenicol/ml, or 50 pg of ampicillin/ml as appropriate.

Cloning of crp, site-directed generation of CRP variants, and in vivo screening
for CRP* variants. E. coli crp was cloned into pEXT20, and then six histidine
codons were subsequently added at the 3" end as described previously (39). WT
CRP and CRP variants used in the present study were all His tagged. Site-
directed mutagenesis was by PCR amplification with mutagenic primers (6). At
CRP positions 53 and 148, D53H and L148R have been known as CRP* variants
(1). To examine other substitutions at each position, we randomized each codon
(53 or 148) separately and screened the mutagenized plasmid pool for ligand
independency using the screening scheme described below. Codon randomiza-
tion involved similar PCR amplification as described above, but the primers
contained completely randomized codons at the desired positions. For screening
CRP* activity in vivo, we used a cya crp E. coli strain, UQ3811 (39) with lacZ
under the control of the class I CC(—61.5) promoter, and monitored the B-ga-
lactosidase accumulation in colonies. The crp genes from selected variants were
sequenced to determine the causative residue changes. Based on their intensity
of colony color, the clones with D53S and L148K CRP were chosen for further
study.

Overexpression and purification of CRP proteins. Overexpression of his-
tagged WT CRP and CRP variants was carried out in the strain UQ3811, and the
purification was carried out by using a nickel-nitrilotriacetate column (Novagen,
Madison, WI). The detailed procedure is described elsewhere (39). The final
purity of the proteins was >95%.

Measurement of in vitro DNA-binding activity of CRP proteins. In vitro
DNA-binding assays were carried out by using a fluorescence polarization
method with a Beacon 2000 fluorescence polarization detector (Invitrogen
Corp., Carlsbad, CA). The 26-bp DNA probe containing CCpmelR sequence was
tagged with Texas Red (39). Binding assays were performed in 50 mM Tris-HCl
(pH 8.0)-50 mM KCI-1 mM EDTA with a probe concentration of 5 nM in the
presence of 6.4 wM salmon sperm DNA (nonspecific competitor).

HPLC analysis of cGMP. High-pressure liquid chromatography (HPLC) anal-
ysis of commercial cGMP (Sigma) used a Beckman Coulter HPLC System Gold
equipped with a photodiode array detector (Fullerton, CA) and a 250-by-4.6-mm
C18 column (Alltech, Deerfield, IL). The elution mode was isocratic using the
mobile phase of 20 mM potassium phosphate (pH 5.5) containing 12% methanol
at a flow rate of 0.5 ml/min (22).

Subtilisin digestion. Proteolytic digestion of CRP proteins was carried out by
using the procedure described elsewhere (16) with a slight modification. Each
CRP (1.12 mg/ml) was digested with various amounts of subtilisin; the ratio of
subtilisin concentration versus protein was from 1/100 to 1/3200. When neces-
sary, 100 pM cAMP was used. The reaction was carried out at 25°C for 24 h.
Finally, the reaction was stopped by adding 1/9 volume of 10 mM phenylmeth-
ylsulfonyl fluoride in 100% ethanol.

Quantitative analysis for ligand binding to CRP proteins. The proposed
coupled equilibrium between protein conformation and ligand-CRP-DNA (L-
P-D) ternary interaction was used to quantitatively analyze the titration data. We
assumed the following. (i) There are only two conformations (inactive and active
in DNA binding) for CRP regardless of the number of ligands bound. (ii) The
intrinsic ligand affinity of the inactive form (P; = CRPj, ) Of free CRP is
much less than that of active form (P, = CRP,,.), so the population of inactive
form of CRP with one or two ligands bound is negligible and is ignored. (iii)
DNA-binding constants are the same for all active forms of CRP regardless of
the number of ligands bound. (iv) Cooperativity between ligand-binding sites
could be ignored as an approximation. The system can then be completely
described by the equilibrium constant for conformational change of free CRP
(K,), intrinsic association constant (k) of ligand to the active CRP form and
DNA-binding constant (k,) of active forms of CRP with any number of ligands
bound (K, = [P,J[P{], 2 = [P,L/(P,][L]) and k, = [P,L,D([P,L,][D]), n =
0, 1, or 2).

The equations for total concentrations for all species in the system are as
follows.

[Plow = [Pi] + {KJ[P;] + 2kK[P[L] + (K[LP)K[P]} (1 + &[D]) (1)
(Lot = [L] + {2KK[P][L] + 2(K[L])* K [P} (1 + k,[D]) (2)
[Dww = [D] + ki[D] {K[Pi] + 2kK[P][L] + (K[L])* K.[Pi]} (3)

Once the three equations are solved for [P;], [L], and [D], the concentrations of
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all components in the system can be calculated. The detailed procedure is
described elsewhere (40). The binding isotherms were analyzed using equation 4
with an assumption that the anisotropy signals are the same for all P,L,D
regardless of the number of ligand bound (n).

r =r + Ar([P.D] + [P,.LD] + [P.L,D])/[D]oiu (C)

where r, is the anisotropy of free DNA and Ar is the anisotropy change relative
to free DNA upon binding of P L.

Implicit fitting was performed by using the nonlinear regression program
NONLIN (17) combined with the numerical algorithm described above.

RESULTS

The activation by other ligands is common among CRP*
variants whose alterations lie far from the cAMP pocket. We
assumed that CRP* variants whose substitutions are far (>10
A) from the cAMP-binding pocket probably exert effects on
ligand specificity by an indirect mechanism, which we supposed
to be a shift in their protein equilibrium toward the active
form. We therefore examined several CRP* variants altered at
different residues distant from the pocket, with the prediction
that they should behave in roughly similar fashion because all
of the variants share the shifted equilibrium. The CRP* vari-
ants we studied were D53S, G141K, A144T, and L148K CRP.
The CRP* phenotype of G141K and A144T has been pub-
lished (9, 14, 19), and D53S and L148K were made in our
laboratory at positions where other substitutions were known
to cause a CRP* phenotype (see Materials and Methods).

We confirmed that all of the variants have detectable CRP*
activity in vivo relative to WT CRP when expressed from a
plasmid in UQ3811 (39), a cya crp E. coli strain that contains
the lacZ gene under the control of the class I CC(—61.5)
promoter. This activity was seen as detectably blue colonies
under a condition where colonies with WT CRP were white
(data not shown). We then purified each of these variants as
described in Materials and Methods and measured in vitro
DNA affinity in the absence of any ligand, using the fluores-
cence anisotropy method. The DNA affinity of these variants in
the absence of cAMP was increased over that of WT CRP at
protein concentrations of 100 nM, but not so significantly en-
hanced as one would expect (Fig. 1A). We reasoned that li-
gand-free WT CRP had extremely low DNA-binding activity,
and therefore even a significant shift of the equilibrium might
not result in detectable increase of DNA affinity. In order to
test this, we sought to add substitutions that could shift the
equilibrium toward the active form but were not near the
original substitution sites. The T127L or S128I substitutions
met the above criteria because (i) both substitutions contribute
to the high constitutive activity of T127L/S1281 CRP variant
(39) and (ii) they are not near the sites of the original CRP*
substitutions. Therefore, the effect of the additional T127L or
S1281 substitutions should be independent of the original
CRP* substitutions. After introducing either the T127L or the
S128I substitution into each CRP* background, including that
of WT CRP, we purified these variants and analyzed the DNA
affinity. As shown in Fig. 1A, the T127L or S128I CRP substi-
tutions by themselves had no detectable effect on WT CRP,
but each dramatically raised the DNA affinity of all of the
CRP* variants. The result indicates that the equilibria of the
four CRP* variants are shifted toward the active form com-
pared to WT CRP. The rather similar ligand-independent
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FIG. 1. Shared activation properties of the CRP* variants. (A) The
in vitro DNA affinity of the CRP proteins in the absence of ligand was
measured by fluorescence anisotropy at protein levels of 100 nM. The
anisotropy values for “no DNA binding” and for “saturated DNA
binding” were 0.138 and 0.181 (WT CRP + 100 pM cAMP), respec-
tively. Each CRP* substitution was also made in T127L or S1281 CRP
backgrounds, and the DNA affinity was also measured as follows: left
panel, WT and CRP* variants; center panel, WT and CRP* variants
with T127L; right panel, WT and CRP* variants with S128I. (B) The
CRP* variants were activated by various ligands, while WT CRP is
activated only by cAMP. The DNA affinity of each protein (at 100 nM)
was measured by a fluorescence anisotropy method, but with various
ligands: 0.1 mM cAMP, 0.1 mM cGMP, 0.4 mM adenosine, and 4 mM
AMP.

DNA-binding activity in these double variants (Fig. 1A) also
suggests that the protein equilibrium shift in the original single
CRP* variants is similar.

We then examined the activation of these CRP* variants by
various ligands. Under conditions where WT CRP is detectably
activated only by cAMP, the four CRP* variants showed strong
and roughly similar activations by cAMP, adenosine, and
c¢GMP and a somewhat weaker activation by AMP (Fig. 1B).
Moreover, preliminary data suggested that all of the CRP*
variants required a lower concentration of cAMP for activation
than did WT CRP (data not shown). Since all of these variants
possess CRP* activity, we hypothesized a common underlying
basis for this phenomenon, which is the alteration in the pro-
tein equilibrium poise between the active and inactive forms.
We first develop a model for CRP that explains ligand speci-
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FIG. 2. Models of the equilibrium of CRP with or without ligands.
(A) Simple equilibrium-shift model. CRP exists in an equilibrium
between active (CRP,.;,.) and inactive (CRP;,,..) forms, but the
major form is the inactive one (CRP;,,..) in the absence of cAMP. The
role of cCAMP binding is to shift the equilibrium toward the active form
([CAMP'CRPaclivc] = [CAMP—CRPinaclivc] and [CAMPZ_CRPaclivc] =
[cAMP,-CRP;, ,ctive])- The ligand cAMP can bind both to CRP, .
and CRP;,,qive> With the intrinsic affinities of k and k;, respectively. The
term K. ([CRP . ive /[CRPjpaciive]) 18 the population ratio of CRP e
versus CRP;,,.ive- The length of arrows indicates either the protein
equilibrium or the strength of ligand affinity in a qualitative way. The
scheme in panel A is shown for cAMP, but it can be generalized for
other ligands such as adenosine. (B) Modified equilibrium-shift model
for cGMP. The cGMP is hypothesized to bind to two different states
(4-mode and B-mode) of CRP that are equilibrium linked through
CRP;,,ciives and one cGMP binding mode excludes the other. The
A-mode binding of cGMP to CRP is hypothesized to stabilize the
active form, similar to the simple equilibrium-shift model described in
panel A. The B-mode binding of cGMP to CRP is hypothesized to
stabilize the inactive form. In this scheme, the length of the arrows
indicates our assumptions about protein equilibrium and cGMP bind-
ing affinity, but there is little experimental evidence.

ficity of these variants, as well as WT CRP. We will then return
to the response of both WT CRP and CRP* variants to cGMP.

A simple equilibrium-shift model explains the enhanced
activation by cAMP and adenosine in the CRP* variants. CRP
exists in an equilibrium between active and inactive forms in
the absence of cAMP, and cAMP stabilizes the active form.
This notion demands that cAMP-bound CRP should also be in
equilibrium between active and inactive forms. Figure 2A
shows an equilibrium-shift scheme that is similar to the one
devised to analyze the interaction between hemoglobin and
oxygen (28). As indicated in Fig. 2A, the process of cAMP
binding to CRP involves six different CRP populations: three
active populations (CRP,.;e, CAMP-CRP, .., and cAMP,-
CRP,..) and three inactive populations (CRP;,,iives CAMP-
CRP;,,ctives and CAMP,-CRP, . iive). The cCAMP-bound inac-
tive populations are negligible in the presence of cAMP since
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the active forms will be preferentially stabilized by cAMP. In this
scheme, the DNA-binding activity of CRP is proportional to the
sum of [CRPactivc]> [CAMP_CRPactivc] and [CAMPZ_CRPactich
which is the sum of [CRP,. ], [CRP,uve]2k[cAMP], and
[CRP, ;. JK*)[cAMP]?, in which k is the intrinsic association
constant of cCAMP to the active CRP form (CRP,,.). Ac-
cording to this concept, the activation of the CRP* variants
by a much lower cAMP concentration can be achieved when
the active CRP population is increased even without higher
intrinsic CAMP-binding affinity. This view is well compatible
with the surprising fact that the CRP* variants whose sub-
stitutions are far from the ligand-binding pocket have ap-
parently increased cAMP affinity for their protein activa-
tion. The schematic description of our model is shown in
Fig. 2A using the natural ligand, cAMP, but the model can
be applied to other ligands as well.

The equilibrium-shift model is supported by extensive anal-
ysis of D53S CRP. The validity of this equilibrium-shift model
was then extensively tested with one of the CRP* variants,
D53S CRP. We monitored the abilities of various ligands to
activate purified D53S and WT CRP by measuring in vitro
DNA-binding activity of each protein at various ligand con-
centrations. As shown in Fig. 3, D53S CRP required much less
cAMP (~100-fold less) than did WT CRP to reach a given
level of DNA binding. We hypothesize such a marked differ-
ence is primarily the consequence of different K values ([ac-
tive population]/[inactive population] in the absence of ligand)
between WT and D53S CRP. It is worth noting that K_ is not
necessarily linearly correlated to apparent ligand affinity, be-
cause the dimeric nature of the protein and its relationship is
dependent upon cooperativity of ligand binding. We then ex-
amined the efficacy of adenosine to activate D53S CRP (Fig.
3B) and confirmed that adenosine activates this protein when
it binds to the protein. However, the isotherm of D53S CRP
shows that adenosine is much poorer ligand than cAMP (~10*-
fold in terms of ligand concentration). We reason that the
~10* difference only reflects the protein’s differential intrinsic
binding affinity for cAMP and adenosine. If this reasoning is
correct, WT CRP is predicted to be activated by adenosine as
well at a higher ligand concentration. As shown in Fig. 3A, WT
CRP was indeed activated by adenosine at a high ligand con-
centration (monitoring at concentrations of >6 mM was not
tested due to the limited solubility of adenosine). The result
clearly shows that WT CRP can be activated by adenosine and
suggests that the reason that activation of WT CRP by aden-
osine has been missed previously is because of its intrinsically
poor ligand affinity. The structural basis for poorer adenosine
binding has been suggested to be its inability to use Arg82 as
stabilizing interaction, unlike cAMP (38). Together, the results
are completely consistent with the equilibrium-shift model as
shown in Fig. 2.

We wanted to rule out the possibility that a trace amount of
contaminant cAMP in the commercial adenosine is the acti-
vating ligand. The observed DS53S activation by adenosine
would result from only 0.01% cAMP contamination, so the
direct detection of that would not be technically trivial. In
order to indirectly test this, we took advantage of the fact that
Arg82 contributes to the binding affinity of cAMP (2, 12) but
not to that of adenosine (38). An R82G substitution was in-
troduced into D53S CRP with the expectation that this substi-
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FIG. 3. Activation of WT CRP and CRP* variants by various con-
centrations of ligands. The DNA affinities of wild-type CRP (A), D53S
CRP (B), and D53S/R82G CRP (C) were measured in various con-
centrations of the ligands cAMP (O), cGMP (<), and adenosine (A).
The in vitro DNA binding was measured by using a fluorescence
anisotropy method. The concentration of each protein used was 100
nM. The scales of x axis (ligand concentration) and y axis (anisotropy
value) are the same in the three panels. The solid lines in each panel
indicate the best fits for the isotherms using the scheme in Fig. 2A and
equations detailed in Materials and Methods.

tution would have a substantial effect on apparent cAMP af-
finity but not much effect on apparent adenosine affinity. The
obtained results were that adenosine affinity in D53S/R82G
CRP is unaffected relative to that of D53S CRP but that cAMP
affinity is dramatically reduced (Fig. 3B and C). The result
conclusively shows that both D53S CRP and WT CRP are
activated by adenosine.

Quantitative analysis for the activation WT and D53S CRP
by cAMP and adenosine. As described above, the difference in
the amount of the active population between WT and D53S
CRP is the key to the quantitative analysis of the equilibrium-
shift model. We therefore tried first to estimate K. (K, =
[CRP, iy /[CRP;, chive]) In both WT and D53S CRP by mea-
suring the DNA affinities of the proteins in the absence of
ligand. Although the DNA affinity of WT CRP was not mea-
surable in our assay, D53S CRP showed some ligand-indepen-
dent DNA affinity at a high protein concentration in a titration
experiment (data not shown), revealing a K, estimate of 4.0 X
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TABLE 1. K_ values of D53S and D53S/R82G estimated from in
vitro DNA-binding analysis

J. BACTERIOL.

TABLE 2. Ligand-binding parameters for CRP proteins obtained
by the equilibrium-shift model

Parameter Intrinsic affinity (M™1)”
CRP CRP K. K, ratio
Kops (M1 ky M1 K< cAMP Adenosine
WT <5.0 x 10* 1.0 x 10® <5.0x10°* WT 1.1x10°° 1 43x10° 1.1 x10%*
D53S 4.0 X 10° 1.0 X 108 40x 1073 D53S 40x 1073 3.6 X 10° 43 x 108 1.1 X 10%*
D53S/R82G 4.5 x 10° 1.0 X 10% 45x1073 D53S/R82G 45x1073 4.1 x 10° 4.9 X 10° 6.8 x 10*

“ Kopss calculated as k, K/(1 + K.), is the observed DNA-binding constant for
each protein without any ligand, which was experimentally determined except for
WT CRP.

® The intrinsic DNA-binding constant was estimated by measuring the DNA-
binding activity of WT CRP at a saturating concentration of cAMP (100 M),
and this value (10%) was used for the extraction of K, values for D53S and
D53S/R82G CRP.

¢ That is, [CRP,¢(ive JICRPinactive -

103 (Table 1). We then used this K, value to fit the adenosine
isotherm of D53S CRP using the nonlinear fitting method
described in Materials and Methods. As shown in Fig. 3B, the
adenosine activation isotherm was well fitted and the k*denosine
(intrinsic association constant of adenosine for the active CRP
population) of D53S was extracted to be 1.1 X 10° M~* (Table
2). Using the same k*?"*"¢ we obtained a reasonable fit for
the adenosine isotherm of WT CRP (Fig. 3A) and obtained a
K, value of 1.1 X 107° (Table 2). This K, value of WT CRP
corresponds to ~100 M ™! of K., (apparent DNA-binding
affinity) in the absence of ligand. We note that this K, is
within the range of 6 to 300 M~ obtained by another analysis
(36). We then applied the WT CRP K_ value of 1.1 X 10~° to
the nonlinear fitting of the cAMP isotherm of WT CRP and
extracted k““M¥ (the intrinsic association constant of cAMP
for the active CRP population) of 4.3 X 108 M ™" (Table 2).
The fitting quality was again visually and statistically reason-
able (Fig. 3A). The intrinsic affinity ratio of ~3,900 (k“*M¥/
fadenosine — 4.3 % 10%/1.1 X 10°) from our analysis is also
consistent with the 3-orders-of-magnitude difference between
the two ligands measured in WT CRP by another method (31).
Our equilibrium-shift model demands that the cAMP isotherm
of D53S should be described by two parameters: the K. of
D53S and the k“*MP obtained from the WT-cAMP result de-
scribed above. As predicted, the isotherm is reasonably fitted
(Fig. 3B), although not quite as well as the others. Varying the
K. or k**MF (or both) resulted in apparently improved fitting,
although still imperfect (data not shown). When we simulated
using a wide range of k“*™¥ values above 9.3 X 10° M, we
obtained surprisingly invariant K_ (2.1 X 1072 to 3.5 X 1073),
which is close to the initial value of 4.0 X 10~* determined by
an independent experiment (Table 1). Although we do not
fully understand the basis for the slight deviation of the D53S-
cAMP isotherm from the simulation (fitting) based on the
model, this might suggest that the cooperativity of cAMP bind-
ing is different from that of adenosine binding. Nonetheless, we
did not incorporate cooperativity between ligand-binding sites
into our model for several reasons: (i) the data for WT CRP
was well fitted by our equilibrium-shift model even without the
factor of cooperativity, (ii) the cooperativity of D53S CRP is
not necessarily identical to that of WT CRP, and (iii) there is
disagreement about the direction and magnitude of cooperat-
ivity in CRP (13, 24, 30, 36).

Finally, the intrinsic association constants of D53S/R82G

“* The intrinsic affinities of the WT and D53S CRPs for adenosine are
assumed to be the same.

CRP for both cAMP and adenosine were also obtained and are
listed in Table 2. This variant was highly perturbed in terms of
cAMP binding (by ~900-fold) but much less so in adenosine
binding (only by 1.6-fold), indicating genuine adenosine acti-
vation of D53S/R82G CRP, as well as of D53S and WT CRP.

A different type of analysis also supports the validity of the
equilibrium-shift model. Even without initial input of K, value
for D53S CRP, the curve-fitting resulted in reasonable K. and
ligand affinity values that are very similar to those listed in
Table 2. In this analysis of ligand titrations, both K_ and k'g2nd
are the variable fitting parameters. Even though we utilized the
“ligand-free” DNA-binding isotherm to estimate K and to use
it in subsequent analyses of ligand titrations, one can vary (or
fit) both K, and k"€ to get an unique set of those values for
a specific condition. When K_ is sufficiently large (>107> in
this analysis for D53S and D53S/R82G CRP variants), the
active form of free CRP can be significantly populated at a low
ligand concentration ([ligand]). Since we assume that all active
forms of CRP can bind DNA, free CRP contributes to the
anisotropy signal for the condition mentioned above (large K,
and low [ligand]). The feature of relatively higher and increas-
ing anisotropy signal of D53S and D53S/R82G CRP variants at
the very beginning of titration is a reflection of that aspect and
enabled us to uniquely determine K, because the primary pa-
rameter contributing to the early phase is K.. However, for
very low values of K, (<<107? in this analysis for WT CRP),
the populations contributing to DNA binding are primarily the
active form of CRP with one or two ligands bound. In this case,
binding signal or anisotropy signal always reflects the compos-
ite effect of K, and k""", which cannot be determined
uniquely. Varying both K, and k""" in the analysis of variants
(except the D53S-cAMP result) generated fitting results that
were fairly consistent with those listed in Table 2, which were
obtained by fixing K, at the estimated values from ligand-free
DNA-binding assays. For example, in the analysis of the D53S-
adenosine interaction, we obtained a K_ of 4.8 X 1072 and a
fdenosine of 9 5 % 10*. Alternatively, we tried a wide range of
K, values (107" to 10~7) for D53S CRP to see the fitting
quality and to test the impact on the K. V*#"/K V7T and the
feAMP jgadenosine - Although the fitting qualities for variants got
worse when K, deviated from the best-fit value that is listed in
Table 2, all of those relations still hold: the value of K_V#riants/
K.WT is about 3,600, and the values of k°AMP/gadenosine gre
about 4,000 for WT and D53S CRP and about 6 for D53S/
R82G CRP, respectively. In short, this analysis indicates that
the parameters listed in Table 2 are somewhat invariant as long
as the measured K, value of D53S CRP (or D53S/R82G CRP)
is <0.1.
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Protease sensitivity experiments suggest a complicated mo-
lecular ensemble of CPR proteins. We intended to use another
method to corroborate the estimated population distribution
(active and inactive) in both D53S and WT CRP (Table 2).
However, the K_ value for D53S CRP is 4.0 X 10~ meaning
that only 0.4% is in the active conformation in the absence of
ligand. One might assume a similar percentage of active pop-
ulation in our other CRP* variants and WT CRP has an even
lower active population in the absence of ligand. Most biophys-
ical and/or chemical methods are unable to quantitatively
(even qualitatively) access such small populations in the ab-
sence of any ligand. We therefore tried an accumulative assay
utilizing the protease sensitivity of active CRP, using the pro-
cedure reported previously (16). All of the CRP* variants
(D53S, G141K, A144T, and L148K) showed higher subtilisin
sensitivity than did WT CRP in the absence of any ligand (Fig.
4), a finding consistent with the proposal that all of the CRP*
variants have higher proportions of the active form in the
absence of ligand. Surprisingly, three CRP* variants (G141K,
A144T, and L148K) revealed remarkably high subtilisin sensi-
tivity in the absence of ligand compared to the level seen with
cAMP-treated WT CRP (Fig. 4). This is in contrast to the fact
that their ligand-independent DNA-binding activities are at
least ~100-fold weaker than that of cAMP-bound WT CRP
(data not shown). This apparent discrepancy indicates that
protease sensitivity only partially correlates with the active
DNA-binding conformation of CRP protein, as has been noted
previously (8). This might suggest that there are more than two
simple states (active and inactive) in the molecular ensemble of
CRP* variants and possibly WT CRP.

Despite this complication, it remains true that modeling
based on the equilibrium-shift concept using only two states
(active and inactive) is sufficient to explain the altered ligand
specificity of CRP* variants and cAMP-specific behavior of
WT CRP.

The activation of D53S CRP by ¢cGMP can be explained by
a modified equilibrium-shift model. D53S CRP is activated by
c¢GMP at an ~10 uM ligand concentration, whereas WT CRP
shows no response (Fig. 3A and B), and this phenomenon
cannot be explained by the simple equilibrium-shift model, as
explained earlier. Again, we considered the possibility of
cAMP contamination in the cGMP sample, since ~1% cAMP
contaminant in the commercial cGMP would result in the
c¢cGMP activation of D53S CRP. This explanation seemed
doubtful because such contamination should also activate WT
CRP at high levels of commercial cGMP, which was not seen
(Fig. 3A). The commercial cGMP was directly analyzed by
HPLC; essentially no absorbing material was seen at the re-
tention time of bona fide cCAMP and certainly not the 1%
contamination level necessary for the effect (data not shown).
We further purified cGMP by HPLC and confirmed that it
continued to activate D53S CRP (data not shown). These
results indicate that cGMP is the actual ligand activating D53S
CRP and presumably other CRP* variants.

What could be the basis for the activation of the CRP*
variants by cGMP? This remains paradoxical to us because
¢GMP can bind both WT CRP and the CRP* variants, but with
functionally different effects where there is no direct change in
the cAMP-binding pocket by the substitutions. Although we
have no clear answer to this paradox, nor is it clear how to
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FIG. 4. Proteolytic digestion of WT CRP and CRP* variants by
subtilisin. Each CRP (1.12 mg/ml) was digested with various amounts
of subtilisin; the black wedge indicates twofold serial dilution of sub-
tilisin, and the first lane contained 11.2 pg of subtilisin/ml (CRP/
subtilisin, 1:100). An asterisk indicates the control lane showing each
CRP treated identically but without subtilisin. Arrows indicate the
uncut CRP band. The concentration of cAMP used for WT CRP was
100 wM. The reaction was carried out at 25°C for 24 h.
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address it experimentally, we suggest that a generalization of
the equilibrium-shift model could explain the cGMP behavior
in both WT CRP and the CRP* variants. We posit that there
are two nonidentical modes of cGMP binding in CRP, which
are mutually exclusive (Fig. 2B). The ¢cGMP binding to one
mode (4-mode in Fig. 2B) stabilizes the active form of CRP
and the binding to the other (B-mode in Fig. 2B) stabilizes the
inactive form. Now, this consideration requires three popula-
tions in equilibrium in the absence of ligand: CRP, e,
CRP,,actives and CRP'; . ive (Fig. 2B). CRP, .. is the active
population that becomes stabilized by cGMP binding. Both
CRP,, ciive and CRP’; . i are the inactive populations, but
CRP'; . cive 18 the species that can bind cGMP with higher
affinity. We hypothesize that the protein equilibrium of WT CRP
is poised such that cGMP binds predominantly to the CRP’; .. .ive
form, resulting in the inactive cGMP-bound form. In the CRP*
variants, the increase of active CRP form (CRP,;,.) would result
in the increase of [CRP, ;.. J/[CRP;,.ciive] Decause all three pop-
ulations (CRP, e, CRP; . ciives and CRP’; . ive) are equilibrium
linked. We hypothesize that this collateral equilibrium shift would
lead to a predominance of cGMP binding to the CRP,;,. form,
resulting in detectable DNA affinity in the CRP* variants. One
critical prediction of this three-state model is that there must be
some active cGMP-bound population even in the WT CRP in the
presence of cGMP, although the level might be very low. In this
regard, it is worth noting that many different research groups have
reported the in vivo activation of WT CRP by cGMP (1, 9, 37).
We interpret this to mean that (i) there is some active
c¢cGMP-bound population in WT CRP in the presence of
c¢GMP and (ii) the extreme sensitivity of the in vivo assay
allowed them to detect it.

Finally, we hypothesize that the physical location for A4-
mode cGMP-binding for protein activation (see Fig. 2B) is
identical to that of cAMP. This is based on the fact that the
additional R82G substitution in D53S CRP functionally per-
turbs both cAMP and cGMP affinities at a similar level (Fig. 3B
and C). The physical location for B-mode cGMP-binding in
CRP could be the same as that for A-mode, and therefore that
of cAMP binding, but there is no supporting evidence for this.

DISCUSSION

The present study demonstrates that the specific protein
equilibrium dynamic (between active and inactive forms) of
WT CRP has important physiological consequences because it
sets the proper activation window for cAMP but avoids acti-
vation by other potential ligands. In the CRP* variants, the
windows are changed by the equilibrium-shift mechanism,
causing physiological challenges for E. coli. First, they can
respond to the physiological adenosine level, a behavior that
would be quite inappropriate for E. coli. Based on the 130 uM
K, value for adenosine deaminase (20), the physiological
adenosine level in E. coli is thought to be 100 to 200 M, which
is certainly the responsive level for the CRP* variants. Indeed,
the apparently increased affinity of CRP* variants for adeno-
sine means that all published results on their CRP* activity
(the in vivo activity of such variants in the absence of cAMP)
are suspect; we simply cannot tell the degree to which the
observed activity is actually due to ligand free-CRP or instead
to adenosine-bound CRP. Second, the regulation of CRP ac-
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tivity by cAMP would be altered. The protein equilibrium
poise of WT CRP allows its activity to be lost when cAMP
levels fall modestly. This proper regulation would not occur in
the CRP* variants because they have a much higher apparent
binding affinity for cAMP. Perhaps this is the reason why var-
ious CRP* variants often cause growth problems in the pres-
ence of cAMP (1, 14, 19), given the fact that too much unreg-
ulated CRP activity is detrimental to E. coli (39). Although not
tested here, a protein equilibrium shift toward the inactive
form would be also problematic since it would require a higher
level of cAMP for normal CRP activity in E. coli. One might
argue that lessening the intrinsic affinity for cAMP can com-
pensate for the equilibrium shift in the CRP* variants and yield
proper CRP function. Indeed, such a compensatory substitu-
tion has been described that confers cAMP-specific activation
on a CRP* variant (10). We note, however, that in this case the
efficacy of CRP regulation by cAMP will be perturbed due to
the increased level of active population in the absence of li-
gand. CRP appears to have evolved to optimally sense cCAMP
with its high intrinsic ligand affinity and highly shifted protein
equilibrium poise toward the inactive form.

Importantly in our view, a change in the protein equilibrium
poise of the CRP* variants does not change the relative ligand
specificity between cAMP and adenosine of WT CRP: the
intrinsic ligand affinity ratio of cAMP to adenosine (3,900) is
the same for D53S and WT CRP (Table 2). The case for cGMP
is less clear, but the activation by cGMP in the CRP* variants
can be also explained without changing the relative ligand
specificity of WT CRP in our model (Fig. 2B). This view is in
high contrast to the conventional one that the CRP* variants
actually have relaxed ligand specificity (13). We propose that
the physical binding site for cAMP, adenosine, and cGMP for
protein activation is the same cAMP pocket. This notion is
suggested by the effect of R82G substitution on the activation
of D53S by the ligands and is consistent with the general
observation in allosteric proteins (26). The ¢cGMP-binding
mode leading to the inactive form (B-mode) can also be in the
cAMP-binding pocket, but perhaps with a different cGMP
form, the “syn” cGMP binding. There are many examples of
proteins that bind cGMP with both ligand conformations,
“syn” or “anti” (35). Finally, the possibility of the binding of
ligands to the secondary cAMP-binding site in CRP is highly
unlikely to be relevant to the present study, based on the
previously reported requirement for much higher ligand con-
centrations for binding there (24, 34). Taken together, the
preserved ligand specificity and shared ligand-binding site in
the CRP* variants are internally consistent with the original
assumption that the cAMP-binding pocket is not directly al-
tered by CRP* substitutions.

The various CRP* variants analyzed here have similar equi-
librium-shift properties resulting in a CRP* phenotype and
altered ligand response, but the mechanistic basis for the equi-
librium shift in each variant is probably different. For example,
the D53S substitution may stabilize a Phel36 position that is
compatible with the active form of CRP (35). In the crystal-
lized CRP structures, Leul48 is exposed to the surface, so the
L148K substitution might reduce the energetic penalty by fa-
voring the solvent exposure of that residue. The G141K or
A144T substitutions may stabilize the topology of the hinge
region for CRP activation, as proposed earlier (9, 19). Because
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a shifted CRP* protein equilibrium could result from any sub-
stitution stabilizing the active form or destabilizing the inactive
form, we believe that there are many more CRP* variants to be
found with such a property. LI95R CRP appears to be one of
them, based on the published data (15). However, the CRP*
variants that directly perturb cAMP pocket, such as S62F and
T127L/S1281 CRP (7, 39), should be treated differently. In
these cases, correct analysis would require the separation of
the intertwined effects of the substitutions on both protein
equilibrium shift and the intrinsic affinity for ligand.

The equilibrium-shift model presented here is unlike the
previous one (10) that is fundamentally identical to an in-
duced-fit model. In that model, WT CRP is completely homo-
geneous in its inactive form when a ligand is absent and ligand
binding to the inactive form induces the conformation change
of CRP from inactive to active form for DNA binding. The
model can be described as follows if the stoichiometry of ligand
binding is not considered.

P+ L PL< PL* + D < PL*D )

Here, both P and PL are inactive forms, whereas PL* and
PL*D are active forms. The observed DNA-binding constant is
given by K . = k, (KK [L])/(1+k[L]+kK_L]), where k, K,
and k, represent the equilibrium constants of the first (ligand
binding), second (conformational change), and third (DNA
binding) steps, respectively. The advantage of this induced-fit
model is that paradoxical cGMP-binding behavior (¢cGMP in-
hibits WT CRP; cGMP activates CRP* variants) may be ex-
plained rather simply. By this induced-fit model, the free en-
ergy (K.) for a conformational change can be assumed to be
dependent upon the identity of ligand, and therefore the per-
turbation of K, induced by CRP* mutation can be assumed to
be different for different ligands. Nonetheless, the increase in
the K, for cGMP by CRP* mutation should be much larger
than for cAMP and adenosine. The disadvantage of this model
is that CRP* variants are now totally different from WT CRP
in terms of ligand response, and therefore their ligand behav-
iors cannot be understood in the context of WT CRP. We see
this as problematic because the substitution sites in the CRP*
variants are far from the ligand-binding pockets. Thus, while
we cannot completely rule out the induced-fit model, we favor
the equilibrium-shift model because the behaviors of CRP*
variants can be understood in the context of those existing in
WT CRP, in terms of both active/inactive structures and ligand
response.

In summary, the analysis presented here for the enhanced
adenosine and cAMP activation in the CRP* variants allows
us to properly interpret the enigmatic CRP* behavior with
an emphasis on the importance of the specific equilibrium
poise of WT CRP. Our analysis of the cGMP response in
WT CRP and/or the CRP* variants is less robust, but we
have clarified the inherent paradox and provided a context
for future analysis. Finally, the study is highly consistent
with current views about allosteric proteins (4, 18, 25), and
the equilibrium-shift model presented here can be therefore
expanded to explain the ligand response of any allosteric
protein.
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